Haemophilus influenzae is a Gram negative bacterium that belongs to the family Pasteurellaceae, causes bacteremia, pneumonia and acute bacterial meningitis in infants. The emergence of multi-drug resistance H. influenzae strain in clinical isolates demands the development of better/new drugs against this pathogen. Our study combines a number of bioinformatics tools for function predictions of previously not assigned proteins in the genome of H. influenzae. This genome was extensively analyzed and found 1,657 functional proteins in which function of 429 proteins are unknown, termed as hypothetical proteins (HPs). Amino acid sequences of all 429 HPs were extensively annotated and we successfully assigned the function to 296 HPs with high confidence. We also characterized the function of 124 HPs precisely, but with less confidence. We believed that sequence of a protein can be used as a framework to explain known functional properties. Here we have combined the latest versions of protein family databases, protein motifs, intrinsic features from the amino acid sequence, pathway and genome context methods to assign a precise function to hypothetical proteins for which no experimental information is available. We found these HPs belong to various classes of proteins such as enzymes, transporters, carriers, receptors, signal transducers, binding proteins, virulence and other proteins. The outcome of this work will be helpful for a better understanding of the mechanism of pathogenesis and in finding novel therapeutic targets for H. influenzae.
Introduction
Haemophilus influenzae strain Rd KW20 is a Gram-negative bacterium frequently isolated from the lower respiratory tract of patients with chronic bronchitis [1, 2] which is the ''fourth-mostcommon'' cause of death in the United States [1] . Due to comparatively small genome size and its phylogenetic closeness to Escherichia coli, H. influenzae is a very convenient model organism for genomic and proteomic findings [3, 4, 5] . The genome of H. influenzae was successfully sequenced [6] , and it consists of 1,830,140 base pairs in a single circular chromosome that contains 1740 protein-coding genes, 2 transfer RNA genes, and 18 other RNA genes [6] . Due to successful sequencing of whole genome, H. influenzae serve as a model organism for whole-genome annotation, computational analysis and cross-genome comparisons [7] . Furthermore, genome-scale model of metabolic fluxes construction [8, 9, 10] and whole-genome transposon mutagenesis analysis [11, 12] was first implemented in H. influenzae. Moreover, in this study it is also used as a test genome to evaluate the performance of various bioinformatics approaches for proteome analysis, with the ultimate aim of determining the in silico properties of the protein set expressed by the bacterium under certain conditions. Genomic analysis of 102 bacterial genomes shows that the respective genomic pool contain 45,110 proteins organized in 7853 orthologous groups with unknown function [13] . Proteins with unknown function may be termed as Hypothetical Proteins (HPs) or putative conserved proteins because these proteins are showing limited correlation to known annotated proteins [14, 15] . The HPs have not been functionally characterized and described at biochemical and physiological level [15] . Nearly half of the proteins in most genomes belong to HPs, and this class of proteins presumably have their own importance to complete genomic and proteomic information [16, 17] . We have been working on structure based rational drug design where we always need a selective target for drug design [18, 19, 20] . A precise annotation of HPs of particular genome leads to the discovery of new structures as well as new functions, and helps in bringing out a list of additional protein pathways and cascades, thus completing our fragmentary knowledge on the mosaic of proteins [17] . Furthermore, novel HPs may also serve as markers and pharmacological targets for drug design, discovery and screen [21, 22] .
The use of advanced bioinformatics tools for sequence analysis and comparison is an initial step to identify homologue for only a part of the region shared between proteins, which could lead to a robust function prediction. Most commonly used method for functional prediction of gene products is by identification of related well-characterized homologues using sequence-based search procedures such as BLAST [23] . Multiple sequence alignment of homologues of a family is a suitable method to obtain structurally/functionally important positions and structurally conserved domains. We have considered functional domains as the basis to infer the biological role of HPs. Motif analysis is an obligatory step in the identification and characterization of HPs. Detection of common motifs among proteins in particular with absent or low sequence identities (e.g. less than 30%) may provide important clues for function or classification of HPs into appropriate families [24] . A series of signature databases are publically available, and are used for motif finding including GenomeNet [25] (contains PROSITE [26] , PRINTS [27] , Pfam [28] , ProDom [29] , BLOCKS [30] ) and InterPro [31] using InterProScan [32] . A potent method for motif searches represents the use of MEME suite [33] , a resource for investigating candidate's functional and structural motifs/sites in HPs (Table 1) . Furthermore, study of protein interactions using STRING database [34] is crucial to understand the functional role of individual proteins in a well-organized biological network.
Here we have used recent bioinformatics tools to assign function to all HPs encoded by H. influenzae genome. The Receiver Operating Characteristic (ROC) analysis [35] is used for evaluating the performance of used bioinformatics tools. We also measured the confidence level of the function prediction on the basis of used bioinformatics tools [36] . The function prediction has high confidence level if more than three tools indicate the same functions. While if there is less than three tools then it is less confidently predicted function [36] . So, we have successfully assigned functions to all 296 HPs of H. influenzae genome with high confidence. We have performed an extensive sequence analysis of proteins associated with virulence using tools like Virulentpred [37] and VICMpred [38] , because H. influenzae is the causative agent of infection in respiratory tract.
Materials and Methods
The computational framework used for functional annotation of HPs is given in Figure 1 , is divided into three phases namely, Phase I, II and III. The Phase I include the characterization and sequence retrieval of HPs by analyzing the genome of H. influenzae. The Phase II comprises the automated annotation of various functional parameters using various online servers. In Phase III, the systematic performance evaluation of various bioinformatics tools by using H. influenzae protein sequences with known function by performing ROC analysis. The probable functions of the characterized HPs were predicted by the integration of various functional predictions made in PHASE II. In latter phase expert knowledge is used for performing ROC analysis and for confidently annotating the HPs functional properties.
Sequence retrieval
We have analyzed the genome of H. influenzae and found 1,657 proteins present in it (http://www.ncbi.nlm.nih.gov/genome/). The 429 proteins are characterized as HPs and their fasta sequences were retrieved from UniProt (http://www.uniprot.org/) using the primary accession number of all HPs.
Physicochemical characterization
Expasy's ProtParam server [39] has been used for theoretical measurements of physiochemical properties such as molecular weight, isoelectric point, extinction coefficient [40] , instability index [41] , aliphatic index [42] and grand average of hydropathicity (GRAVY) [43] . These predicted parameters are listed in Table S1 .
Sub-cellular localization
A protein can be characterized as drug or vaccine target by utilizing the knowledge of sub-cellular localization. The proteins localized in cytoplasm can act as possible drug targets, while surface membrane proteins are considered as potent vaccine targets [44] . Databases like UniProt provide valuable information about sub-cellular location of proteins [45] . If experimental information about HP localization is absent, then we have used sub-cellular localization prediction tools like PSORTb [46] , PSLpred [47] and CELLO [48, 49] . CELLO (version 2.0) twolevel support vector machine based system, which comprises 1444 and 7589 protein sequences as standard datasets for the prediction of bacterial and eukaryotic protein localization, respectively [48, 49] . The PSLpred is used only for predicting sub-cellular localization of Gram negative bacteria. We have used SignalP 4.1 [50] for predicting signal peptide and SecretomeP [51] for identifying protein involvement in non-classical secretory pathway. TMHMM [52] and HMMTOP [53] have been used for predicting the propensity of a protein to be a membrane protein.
The sub-cellular localization predictions of 429 HPs are listed in Table S2 .
Sequence comparisons
The first step towards predicting the functionality of a protein is generally a sequence similarity search in various available gene and protein databases. We have used BLASTp [23] and HHpred [54] for searching similar sequences with known function. BLAST is a popular bioinformatics tool, most frequently used for calculating sequence similarity by performing local alignments. The BLASTp search against the non-redundant protein sequences (nr) database returns 100 homologs of each HP, and proteins with low query coverage (,50%) or low sequence identity (,20%) are excluded. Proteins showing high sequence identities (.40%) and e-value (,0.005) are referred to as close homologs of HPs and those with low identities (,26%) are considered as remote homologues. The search with the highest value of the respective parameters considered as probable function of the given HP. The BLASTp also used for checking the availability of structural homologs in Protein Data Bank (PDB). Whereas, HHpred utilizes pair wise comparison of profile hidden Markov models (HMMs) for remote protein homology detection by searching various protein databases like PDB [55, 56] , SCOP [57] , CATH [58] , etc. is also used for detection of structural homologs. We have used BLASTp for determining the sequence identity between two proteins sequences and PRALINE [59] for multiple sequences comparison (Table S3) .
Function prediction
We have used various tools for precise functional assignments to all 429 HPs from H. influenzae are described in Table 1 . The functional domain of a protein is predicted by using various publically available databases such as Pfam, SUPERFAMILY [60] , CATH, PANTHER [61] , SYSTERS [62] , SVMProt [63] , CDART [64] , SMART [65] , and ProtoNet [66] (Table S4 ). The database SYSTERS was used for clustering proteins on the basis of their functions. We used BLASTp for searching SYSTERS database and the output is obtained in the form of clusters of functionally related proteins. The clusters with e-value (,0.005) are considered as a proper classification of HP. SVMProt was used for the SVM based classification of proteins into 54 functional families from its primary sequences. The significance level of classification is measured in the form of R-value and P-value (%), classification with R-value (.2.0) and P-value (.60%) are considered as significant. CDART and SMART were used for similarity search based on domain architecture and profiles rather than by direct sequence similarity. The Simple modular architecture research tool (SMART) search for similar domain in Swiss- Prot [67] , SP-TrEMBL [68] and stable Ensembl [69] proteomes in normal mode. The search with e-value (,0.005) was considered as a significant match for the given HP. Similarly, PANTHER is a comprehensively organized database of protein families, trees and subfamilies, used to develop evolutionary relationships to infer the functions of HPs. The HMM-based search is performed on PANTHER database for functional annotation of HPs and important hits with e-value greater than 1e-3 are reported in the output. ProtoNet (Version 6.0) tree provided an automatic hierarchical clustering of the protein sequences. The ''Classify your protein'' option in ProtoNet is used for assignment of a biological function to HPs.
Protein sequence motifs are signatures of protein families and can often be used as tools for the prediction of protein function, particularly in enzymes, in which motifs are associated with catalytic functions. We used InterProScan which combines different protein signature recognition methods from the InterPro consortium which is the integration of several large databases, including PANTHER, Pfam, SMART, ProSite and SUPER-FAMILY etc. for motif discovery. The output generated by InterProScan is presented in the form of the checksum of the protein sequence which is supposed to be unique, e-value of the match which should be less than 0.005 and status of the match in the form of true (T) or unknown (?), indicative of reliability of the generated result. The MOTIF and MEME suite have been used to perform motif-sequence database searching and assignment of function. The MOTIF tool generates a very large set of output and to identify the probable function of the HP we check whether the SCOP database predicted fold in HP is also present in the MOTIF generated functional annotations. While in motif discovery using MEME suite we first cluster the protein sequences of HPs into clusters using CLUSS [70, 71] online server and then submit the clustered sequences in the MEME suite server. MEME suite server identified three motif sites in the clustered HPs by default. The MAST [33] module of MEME suite then perform database searching for assigning function to the discovered motifs in the HPs.
Virulence factors analysis
Virulence factors (VFs) are described as potent targets for developing drugs because it is essential for the severity of infection [72] . For identifying these VFs we have used VICMpred and Virulentpred. Both are SVM based method to predict bacterial VFs from protein sequences with an accuracy of 70.75% and 81.8%, respectively. Both methods use five-fold cross-validation technique for the evaluation of various prediction strategies.
Functional protein association networks
The function and activity of a protein are often modulated by other proteins with which it interacts. Therefore, understanding of protein-protein interactions serve as valuable information for predicting the function of a protein. We have used STRING (version-9.05) [34] to predict protein interactions partners of HPs. The interactions include direct (physical) and indirect (functional) associations, experimental or co-expression. STRING quantitatively integrates interaction data from these sources for a large number of organisms, and transfers information between these organisms wherever applicable.
Performance assessment
The statistical estimation of diagnostic accuracy is considered as an important step towards the validation of the predicted outcome of the adopted pipeline [73] . There are various available conventional methods for comparing the accuracy of various predicted models but ROC analysis is an extensively used method for analyzing and comparing the diagnostic accuracy [74] , provides the most comprehensive explanation of diagnostic accuracy available till date [74] . We used six levels at which diagnostic efficacy can be evaluated. The two binary numerals ''0'' or ''1'' used to classify the prediction as true positive (''1'') or true negative (''0''). The integers (2, 3, 4 and 5) are used as confidence rating for each case. The ROC analysis is carried out for sequences of 100 proteins with known function from H. influenzae. We used the above explained in silico pipeline for the function prediction these known proteins using various online bioinformatics tools. We further classified the predicted function of proteins using already known function (Table S5 and S6). The classification results are submitted to ''ROC Analysis: Web-based Calculator for ROC Curves'' [75] in format 1 form as required by the software. This online software automatically calculates the ROC using the submitted data and generates the result in the form of accuracy, sensitivity, specificity and the ROC area. These generated parameters are utilized for validating the predicted functions of HPs. The average accuracy of used pipeline is 96.25% (Table S7 ) and indicates that outcomes of functional annotation of HPs are reliable that can be further utilized for other experimental research.
Results and Discussion

Sequence analysis
We have extensively analyzed sequences of 429 HPs using BLAST, Pfam, PANTHER, CATH, CDART, and SVMProt. Tools like InterProScan, MOTIF, and MEME suite were used for discovering functional motifs in the HPs. We have successfully assigned a proposed function to each of 429 HPs present in H. influenzae (Table S3 and Table S4 ) and discovered motif in 420 HPs using MEME suite using 208 predicted clusters of CLUSS [70, 71] online software tool (Table S8) , among which 296 HPs are characterized with high confidence and are listed in Table 2 , and less confident annotated proteins are listed in Table S9 . All sequence analyses were compiled. It was observed that in HPs present in H. influenzae, there are 139 enzymes, 57 transporters, 32 binding proteins, 21 bacteriophage related proteins, 15 lipoproteins and the rest are involved in various cellular process like transcription, translation, replication, etc. (Figure 2 ). These analyses suggest a possible role of HPs in the development and pathogenesis of the organism, and identified groups are described here separately.
Enzymes
Enzymes produced by bacteria are key player for the survival of organism in their host because they provide nutrient for growth and responsible for pathogenesis of organism, for enzymes modify the local environment for favorable growth inside the host and metabolism of compounds inside the host [76] . We characterized 139 enzymes. Knowledge of these enzymes is important for understanding the host-pathogen interaction as well.
We identified 14 oxidoreductase enzymes, which are critically important for bacterial virulence and pathogenesis. It is well understood that the disulfide bonds are important for the stability and/or structural rigidity of many extracellular proteins, including bacterial virulence factors. Bond formation is catalyzed by thioldisulfide oxidoreductases (TDORs). Oxidoreductases like SdbA is required for disulfide bond formation in S. gordonii, which is required for autolytic activity [77] . Protein P45154 contain 2Fe-2S ferredoxin-type domain. Many bacteria produce protein antibiotics known as bacteriocins to kill competing strains of the same or closely related bacterial species. We identified protein P44743 as a radical SAM (S-adenosylmethionine) protein, it is understood that radical SAM proteins play a significant role in pathogenesis of an organism and is also validated that the inhibition of these enzymes is effective in preventing the lethal diseases [78] .
Similarly, we identified 39 transferase enzymes which are required for the efficient spore germination and full virulence of bacteria like Bacillus anthracis. Transferase enzymes are essential for biosynthesis of lipoprotein, and bacterial lipoproteins play an important role in virulence of bacteria [79] . Proteins Q57022, P44064 and P45180 are glycosyl transferase, and on mutation it affects extracellular polysaccharide (EPS) and lipopolysaccharide (LPS) biosynthesis, cell motility, and reduces the development of disease symptoms [80, 81] . We have characterized protein P44256 as DNA polymerase IV and it is observed that virulent strains contain increased level of activity of DNA polymerase than nonvirulent strains, indicating its role in virulence [82] .
The protein Q57544 is found to be a b-lactamase. The enzyme responsible for generation of resistance against b-Lactam antibiotics like penicillin, cephalosporins, etc. [83] . We annotated 56 hydrolase enzymes having an established role in virulence of bacteria, e.g. Kdo hydrolase is the main cause of virulence in Francisella tularensis, which is classified as a bioterrorism agent [84] . Similarly, nudix hydrolase encoded by nudA gene in Bacillus anthracis is important for the complete virulence [85] .
There are 8 lyase enzymes. These are important for the virulence of pathogen in host [76] . The P44717 protein is a cystathionine b-lyase, an enzyme which forms the cystathionine intermediate in cysteine biosynthesis, may be considered as the target for pyridiamine anti-microbial agents [86] . Similarly, isocitrate lyase is an enzyme of glyoxylate cycle, which catalyzes the cleavage of isocitrate to succinate and glyoxylate together with malate synthase. This enzyme bypasses two decarboxylation steps of TCA cycle. It is found to up-regulate glyoxylate cycle during pathogenesis, and therefore, this pathway is used by bacteria, fungi, etc., for survival in their hosts [87] .
The isomerase enzyme catalyze changes within one molecule by structural rearrangement [88] and isomerases like peptidylprolyl cis/trans isomerases (PPIases) involved in protein folding. These isomerases are considered as surface-exposed proteins which are important for virulence and resistance to NaCl [88] . We identified 13 isomerases and 5 ligases in a group of 139 enzymes. Ligase enzymes are also part of virulence in the hosts. It is found that E3 ligase activity associated with the C-terminal region of XopL, a type III effectors, which specifically interacts with plant E2 ubiquitin conjugating enzyme that induce plant cell death and subvert plant immunity [89] . There are also 4 HPs with kinase activity, which play a significant role in growth, differentiation, metabolism and apoptosis in response to external and internal stimuli [90] . Thus, such enzymes are important for the survival of pathogen and may serve as a target for drug design and discovery [91] .
Transport
Transport process plays a pivotal role in cellular metabolism, e.g., for the uptake of nutrients or the excretion of metabolic waste products, etc. We successfully predicted 50 transporters, 3 carriers, 3 receptors and 1 signal transduction proteins among HPs. It is recently identified that these proteins may be involved in virulence and essential for intracellular survival of pathogens [92] . The protein P44691 was predicted to be a member of ABC 3 transporter family, presumably involved in virulence because they are associated with the uptake of metal ions, such as iron, zinc, and manganese [93] . This protein also helps in the attachment of pathogenic bacteria to the mucosal surfaces of host cells, which is a critical step in bacterial pathogenesis, thereby present as a putative drug target [93] .
We found protein P44005 and P45280 as SNARE associated Golgi protein. The soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins play an essential role in the compartment fusion in eukaryotic cells [94] . They share a conserved motif, known as SNARE motif, and have been classified as glutamine containing SNAREs (Q-SNAREs) and arginine containing SNAREs (R-SNAREs) on the basis of favorably conserved residue at the center of this motif [95] . These proteins are central regulators of membrane fusion, so they are potential targets for intracellular organisms, which frequently rely on destabilizing the host intracellular traffic. This finding helps us to conclude that by mimicking SNAREs some inclusion proteins can control intracellular trafficking.
Bacteriocins proteins contain an N-terminal domain with an extensive resemblance to a [2Fe-2S] plant ferredoxin and a Cterminal colicin M-like catalytic domain and to gain entry into vulnerable cells. These proteins parasitize an existing iron uptake pathway by using a ferredoxin-containing receptor binding domain [96] . Protein Q57133 is a transferrin-binding protein.
Transferrins are a group of non-haem iron-binding glycoproteins, widely distributed in the physiological fluids and cells of vertebrates. These proteins are involved in iron transport within the circulatory system of the vertebrates. Transferrins is important for bacterial virulence but their role in virulence is still not fully understood [97] . The membrane transferrin receptor-mediated endocytosis is a major route of cellular iron uptake and the efficient cellular uptake of transferrin pathway has shown potential in the delivery of anticancer drugs, proteins, and therapeutic genes into primarily proliferating malignant cells over expressed transferrin receptors [98, 99] .
Binding Proteins
32 HPs are annotated as binding proteins in which 15 are DNA binding, 5 RNA binding, 9 metal binding and 3 ATP/coenzyme binding proteins. We have identified a tetratricopeptide repeat (TPR), a structural motif involved in the assembly of various multiprotein complexes in many HPs. TPR-containing proteins often play important roles in cell processes, and involved in virulenceassociated functions [100] .
HPs function as DNA-binding proteins also contribute to the virulence. The winged-helix-turn-helix (wHTH) motif in sarZ proteins in Staphylococcus aureus contributes to virulence by binding to cvf gene that encodes for alpha hemolysin [101] . In complex regulatory system of group A Streptococcus (GAS), there is the streptococcal regulator of virulence (Srv) which is the member of the CRP/FNR family of transcriptional regulators, and members of this family possess a characteristic C-terminal helix-turn-helix motif (HTH) that facilitates binding to DNA targets. Point mutation in this motif alters protein-DNA interaction [102] , indicate that DNA binding motifs are regulatory factors of the virulence of bacteria. The RNA binding proteins are also contributing to the survival of the organism and control the virulence factors of the pathogens [103] .
Lipoprotein
Lipoproteins identified in bacteria are formed by lipid modification of proteins that facilitate the anchoring of hydrophilic proteins to hydrophobic surfaces through hydrophobic interactions of the attached acyl groups to the cell wall phospholipids. This process has a considerable significance in many cellular and virulence phenomena. We found 15 lipoproteins from the group of HPs because they play crucial roles in adhesion to host cells, variation of inflammatory processes and translocation process of virulence factors into host cells. It is also discovered that lipoproteins may function as vaccines. The knowledge of these facts may be utilized for the generation of novel countermeasures to bacterial diseases [104] .
Other Proteins
Structural motifs like helix-turn-helix are conserved in various organisms. A detection of these common patterns in a sequence refers that such proteins are mainly involved in the regulation of transcription. The transcription regulators like HilC and HilD also showed DNA binding activities and contributes to the virulence of Salmonella enterica, where these are involved in the invasion to the host cells [105] . We found 18 transcriptional regulatory, 3 translation regulatory, 1 replication regulatory, 3 cell cycle regulatory enzyme/protein. The regulatory protein RfaH is found in E. coli and enhances the expression of different factors that are supposed to play a role in the bacterial virulence. Furthermore, inactivation of rfaH decreases the virulence of uropathogenic E. coli strain [106] . Similarly, the RNA-binding protein Hfq has emerged as an important regulatory factor in varieties of physiological processes, including stress resistance and virulence in various Gram-negative bacteria such as E. coli. Hfq modulates the stability or translation of mRNAs and interacts with numerous small regulatory RNAs [107] . The cell cycle and related protein P44063, is involved in lipopolysaccharide biosynthesis and are important in understanding the virulence of H. influenzae, as proteins involved in this particular biosynthesis are considered as primary virulence factors [108] .
Virulent proteins
We use the consensus of VICMpred and VirulentPred for predicting the virulence factors among the 429 HPs and found 40 HPs that give positive virulence score in both servers, and can be used as potent drug targets for drug design. These are listed in Table 3 . In this group of virulent proteins we observed that protein P43936 is a PemK superfamily toxin of the ChpB-ChpS toxin-antitoxin system protein involved in plasmid maintenance [109] . We have also identified 30 bacteriophage related proteins among HPs. It is known that SuMu protein 1a, a bacteriophage related protein, has shown homology to IgA metalloproteinase and IgA1 protease which are described as virulence factors in nontypeable H. influenzae [110] . So, SuMu proteins are considered as highly virulent proteins.
Conclusions
Using an innovative in silico approach we have analyzed all 429 HPs from H. influenzae. Using the ROC analysis and confidence level measurements of the predicted results, we precisely predict the function of 296 HPs with confidence and successfully characterized them. We did not find enough evidences for functional prediction of 124 proteins, and hence these sequences require further analysis. The sub-cellular localization and physicochemical parameters prediction are useful in distinguishing the HPs with transporter activity from the rest of the protein. The protein-protein interaction also helps to find out the involvement of such proteins in various metabolic pathways. Further, we are able to detect the 40 virulence proteins essential for the survival of pathogen, particularly protein Q57523 showing highest virulence score in VICMpred which is known to be the most virulent HP among the listed virulence proteins. Our results could facilitate in developing drugs/vaccines, specifically targeting the pathogen's system without causing any allergic or side effect to the host. This in silico approach for functional annotation of HPs can be further utilized in drug discovery for characterizing putative drug targets for other clinically important pathogens. 
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